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Abstract. Neutral interstellar H-atoms penetrate into the in-
ner heliosphere and upon the event of ionization are con-
verted into pick-up ions (PUIs). The magnetized solar wind
ﬂow incorporates these ions into the plasma bulk and en-
forces their co-motion. By nonlinear interactions with wind-
entrained Alfv´ en waves, these ions are then processed in the
comoving velocity space. The complete pick-up process is
connected with forces acting back to the original solar wind
ion ﬂow, thereby decelerating and heating the solar wind
plasma. As we show here, the resulting deceleration can-
not be treated as a pure loading effect, but requires adequate
consideration of the action of the pressure of PUI-scattered
waves operating by the PUI pressure gradient. Hereby, it is
important to take into proper account the stochastic acceler-
ation which PUIs suffer from at their convection out of the
inner heliosphere by quasi-linear interactions with MHD tur-
bulences. Only then can the presently reported VOYAGER
observations of solar wind decelerations and heatings in the
outer heliosphere be understood in view of the most likely
values of interstellar gas parameters, such as an H-atom den-
sity of 0.12cm−3. Solar wind protons (SWPs) appear to be
globally heated in their motion to larger solar distances. As-
cribing the needed heat transfer to the action of suprather-
mal PUIs, which drive MHD waves that are partly absorbed
by SWPs, in order to establish the observed SWP polytropy,
we can obtain a quantitative expression for the solar wind
proton pressure as a function of solar distance. This expres-
sion clearly shows the change from an adiabatic to a quasi-
polytropic SWP behaviour with a decreasing polytropic in-
dex at increasing distances. This also allows one to calculate
the average percentage of initial pick-up energy fed into the
thermal proton energy. In a ﬁrst order evaluation of this ex-
pression, we can estimate that about 10% of the initial PUI
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injection energy is eventually transfered to SWPs indepen-
dent of the PUI injection rate.
1 IntroductiontothePUI-inducedmodulationoftheso-
lar wind
We shall study the effect of PUIs which are dynamically in-
volved in the solar wind ﬂow dynamics in the outer helio-
sphere. Unless the Local Inter-Stellar Medium (LISM) is
fully ionized, neutral LISM gases penetrate with the LISM
ﬂowintotheinnerheliosphereandtheretheybecomeionized
and transformed into PUIs. It is known that the solar wind
is decelerated due to both the PUI loading (see e.g. Holzer
and Leer, 1973; Fahr, 1973; Ripken and Fahr, 1983; Fahr
and Ripken, 1984) and due to the action of the PUI pres-
sure (Isenberg, 1986; Fahr and Fichtner, 1995; Lee, 1997;
Whang, 1998; Whang et al., 1999; Fahr and Rucinski, 1999).
At the same time the solar wind plasma is also heated by this
PUI implantation and thus, its effective sound velocity is in-
creased (see Fahr and Rucinski, 1999). Connected with both
phenomena, i.e. deceleration and heating, the solar wind
Mach numbers decrease with increasing solar distances. In
the following we look into this phenomenon a bit more quan-
titatively.
The effective Mach number and wind deceleration can be
calculated with the help of an expression for the PUI pres-
sure, Ppui. To describe the latter, Lee (1997) uses the law
of the enthalpy ﬂow conservation, with the enthalpy εpui of
pick-up ions given in the form εpui =
γ
γ−1Ppui, and γ = 5
3
being the polytropic index. He then obtains the result that
the PUI pressure is given by Ppui =

1
7

ρpuiV 2
w, where Vw
is the solar wind velocity and ρpui denotes the mass den-
sity of the PUIs. In a different approach, Whang (1998)
uses a polytropic relation exclusively for the SWPs, with378 H. J. Fahr and D. Rucinski: Heliospheric pick-up ions
an observationally supported, effective polytropic index of
γw = 1.28, clearly indicating some heating of the SWP. This
heating, however, is unexplained in his physical context. In
his theoretical approach, the full amount of PUI-injected en-
ergy is reﬂected exclusively in the conserved enthalpy ﬂow
of PUIs while the PUI-induced heating of the solar wind pro-
tons, which is to be expected (see e.g. Fahr and Ziemkiewicz,
1988 or Williams et al., 1995), is not taken into account, i.e.
no energy transfer from PUIs to SWPs is, in fact, taken into
account, thus leaving the solar wind heating unexplained.
In none of the above mentioned approaches is the com-
plete dynamical effect of the PUI pressure adequately taken
into account, due to the effect of nonlinear wave-particle in-
teractions between PUIs, and solar wind convected MHD
wave turbulences are also not taken into account. It is im-
portant to respect that newly injected PUIs are not simply
picked-up by the magnetized solar wind and then stored in
a tiny toroidal subpart of velocity space. Rather they suffer
strong pitch-angle scattering and a less strong energy diffu-
sion due to quasi-linear interactions with comoving turbu-
lences. Thereby, they are effectively redistributed in velocity
space (see e.g. Chalov et al., 1995, 1997 or Fichtner et al.,
1997). In addition, with the momentum loading force, this
redistribution is also connected with an additional net force
acting upon the center of mass of the multi-ﬂuid solar wind,
which can be identiﬁed with the gradient of the PUI pres-
sure; however, a pressure Ppui has to be evaluated on the
basis of the actual PUI distribution function resulting under
quasi-linear wave-PUI interactions.
Starting with the PUI pressure given in the form Ppui =
αρpuiV 2
w, one can then derive (see Fahr and Fichtner, 1995)
the following differential equation for the decelerated solar
wind:
d
dr
Vw =
−mpβex
1+α
ρw+ρpui + 2α
r ξVw
1 + αξ
. (1)
Here βex denotes the local PUI- injection rate, which here is
approximated as being exclusively due to charge exchange
processes with SWPs (i.e. photoionization is neglected; a
near solar minimum condition!) and thus is given by βex =
σexnHnwVw. Here σex is the charge exchange cross section,
and nH and nw denote local H-atom and solar wind proton
densities. The function ξ = ρpui/
 
ρw + ρpui

denotes the
relative abundance of PUIs with respect to all protons. The
function ξ(r) used by us here has been calculated by Fahr
and Rucinski (1999) using the “hot” kinetic H-atom model
developed by Wu and Judge (1979). Integration of the above
differential equation then yields:
Vw = Vw0 exp
"Z r
r0
2α
r ξ − nHσex (1 − ξ)(1 + α)
1 + αξ
dr
#
. (2)
Adopting the expression for Ppui derived by Fahr and
Fichtner (1995), one then obtains with their result, i.e. α = 
1
3

:
Vw = Vw0 exp
Z r
r0
2
3 + ξ

ξ
r
− 2nHσex (1 − ξ)

dr

. (3)
With ξ ⇒ 0 one formally switches off the accelerating
effect of the PUI pressure and thus is left with an unrealisti-
cally strong solar wind deceleration, as the one expected in
papers by Richardson et al. (1995) or Wang et al. (2000) (see
Fahr and Rucinski, 2001). This reveals the fact that the wave-
induced PUI pressure has to be taken into full account, since
it is an essential dynamical ingredient for the modulated two-
ﬂuid solar wind.
An accurate expression of Ppui can only be derived with
the knowledge of the PUI distribution function fpui, result-
ing under quasi-linear PUI coupling to wind-entrained MHD
turbulences. This function is obtained as a solution of the
PUI transport equation containing convection, adiabatic de-
celeration, and energy diffusion by Fermi-2 acceleration.
A fairly realistic expression for Ppui can be derived from
the results for fpui obtained by Chalov et al. (1995, 1997)
as solutions of the complete PUI transport equation. As Fahr
and Lay (2000) show, these numerical results are very nicely
represented by the following analytical formula:
fpui = z

x−0.33

wβ exp

−C(x)(w − w0)κ
, (4)
where z is a constant, x = r/rE is the radial solar distance
in units of AU, w = (v/Vw)2 is the squared PUI veloc-
ity normalized with Vw, with w0 being a typical injection
value. Furthermore, the quantities β, κ, and C are found as:
β = −1
6; κ = 2
3; and C(x) = 0.442 x0.2. With the above
representation of fpui in Eq. (4), one then obtains the PUI
density by:
npui = 2πz x−0.33

3
2
C(x)−2 0(2)

, (5)
and the PUI pressure by:
Ppui =
2π
3
z x−0.33

1
2
mpV 2
w

3
2
C(x)− 7
2 0(
7
2
)

, (6)
where 0(y) is the Gamma function of the argument y. Equa-
tions (5) and (6) then permit the following representation for
Ppui:
Ppui =
5
16
2 √
πC(x)−3
2ρpuiV 2
w = α(x)ρpuiV 2
w. (7)
In this expression for Ppui(x), the function α is found as:
α = α(x) = 1.83 x−0.3. This means that α decreases with
increasing solar distances, obviously reﬂecting the fact that
at larger distances the adiabatic deceleration starts to slowly
overcompensate for the effect of the wave-driven Fermi-2 ac-
celerations. The above formula (7) based on the results by
Fahr and Lay (2000) is valid at distances of x ≥ xc = 15,
where α = αc = α(xc) evaluates to αc = 0.44 .
In the following calculations, we may assume that the
PUI pressure can be represented with sufﬁcient accuracy by
Eq. (7), setting α(x) = αc. We then calculate the solar wind
deceleration (see Fig. 1) and the effective solar wind Mach
number M∗
w, or as in this case the equivalent quantity 5 (see
Fig. 2), related to the latter by 5 ' 1
M∗2
w
, and given by:
5(x) =
αcρpuiV 2
w
1
2ρwV 2
w
=
2αcξ
(1 − ξ).
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Fig. 1. The solar wind deceleration (in %) with respect to the solar
wind velocity vw,0 = 450km/s (full line, upwind) and vw,0 =
700km/s (dashed line, crosswind) is shown as a function of the
LISM H-atom density nH∞ at various upwind distances, i.e. 40
AU, 60 AU and 80 AU.
As is evident in Eq. (8), the quantity 5 also represents
the ratio of PUI thermal pressure and solar wind kinetic ram
pressure. The function ξ results from the accumulated ef-
fect of PUI injections due to local charge exchange processes
of LISM H-atoms with SWPs in the heliosphere and is ex-
plicitly calculated by Fahr and Rucinski (1999, 2001), who
describe the penetration of LISM H-atoms into the helio-
sphere by the so-called “hot” kinetic model developed by
Fahr (1971), Thomas (1978) and Wu and Judge (1979).
In Fig. 2, the quantity 5(x) ' M∗−2
w is plotted as a func-
tion of the solar distance x. As one may recognize, the ef-
fective solar wind Mach number, M∗
w, in the outer region of
the heliosphere decreases from very high values in the in-
ner heliosphere towards moderately low values of the order
of 2 in the outer heliosphere, i.e. the solar wind due to the
modulation, by and mixing with, marginally subsonic PUIs
developes with increasing distances from an initially hyper-
sonic ﬂow towards a weakly supersonic ﬂow.
2 Thermodynamics of the PUI-mediated solar wind
As already mentioned above, PUIs are produced by ioniza-
tion of interstellar neutral atoms in the heliosphere and are
convected outwards with the solar wind ﬂow as a separate
suprathermal ion ﬂuid. The thermodynamic behaviour of
this PUI ﬂuid at its motion outwards to the outer heliosphere,
until now has been poorly understood. One clearly expects
that PUIs drive waves by virtue of their distribution func-
tion, which is unstable with respect to the excitation of wave
power (see e.g. Wu and Davidson, 1972; Hartle and Wu,
1973; Lee and Ip, 1987; Freund and Wu, 1989; Fahr and
Ziemkiewicz, 1988; Gray et al., 1996), but while doing so
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Fig. 2. The ratio 5(r) of the pick-up ion thermal pressure and the
solar wind kinetic pressure, i.e. SWP ram pressure, is given in up-
wind direction as a function of the heliocentric distance r in units of
AU, calculated for different values of the solar wind velocity vw,0.
they also undergo Fermi-2 energization (energy diffusion)
by nonlinear wave-particle interaction with already preex-
isting, convected wave turbulences (see Chalov et al., 1995,
1997; Fichtner et al., 1996; le Roux and Fichtner, 1997). In
the following, we study the branching of the relevant energy
ﬂows and for this purpose, we also pay attention to the ob-
servational fact that solar wind protons behave non-adiabatic,
but polytropic at their expansion to large solar distances (see
Whang, 1998 and Whang et al., 1999). This evidently ex-
presses the fact that solar wind protons are globally and con-
tinuously heated at their motion to larger solar distances.
This global heating thus cannot be related to sporadic
events, such as passages of corotating interaction regions
(CIRs) or solar eruptive events (see also Fisk et al., 2000).
In contrast, it is, however, highly likely to be indirectly
caused by PUIs driving MHD waves cascading to frequen-
cies at which they can be reabsorbed by SWPs. Already
Parker (1964) and Coleman (1968) expected that some ex-
tended heating due to dissipation of waves might cause a
non-adiabatic expansion of the solar wind beyond its criti-
cal point. Meanwhile, this non-adiabatic solar wind temper-
ature behaviour is, in fact, clearly recognized in data taken by
the VOYAGER-1/2 spacecraft (see Richardson et al., 1995;
Whang, 1998; Whang et al., 1999). The dissipation of non-
Alfv´ enic turbulence energy to solar wind protons was then
more quantitatively estimated by Matthaeus et al. (1994) to
take place with a rate of qturb ' ρsu3/l, where ρs,u,l are
the solar wind mass density, the rms turbulent ﬂuctuation
speed, and the turbulent correlation scale, respectively. Since
observational constraints on u and l, as functions of the so-
lar distance, are missing up to now, it thus remains hard to
predict anything more quantitative with respect to the non-
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Furthermore, a permanent dissipation of turbulent wave
power at heating the expanding solar wind should quickly
lead to a complete consumption of all convected turbulence
power, unless some turbulence generating processes are op-
erating. In this respect, Lee and Ip (1987) or Fahr and Ziem-
kiewicz (1988) have indicated that PUIs implanted into the
expanding solar wind by means of their unstable distribu-
tion functions generate wave powers which can partly be re-
absorbed by SWPs. Using quasi-linear wave-particle inter-
action theories by Kennel and Engelmann (1966), Gary and
Feldman (1978) and Winske and Leroy (1984), the latter au-
thors could show that under optimized conditions, up to 50%
of the initial PUI energy can be forwarded to SWPs by means
of PUI-driven waves. More recently, Williams et al. (1995)
and Gray et al. (1996) have looked into this problem again.
Williams et al. (1995) have given representations for the non-
adiabatic expansion of the distant solar wind due to dissipa-
tion of PUI-driven waves within a simpliﬁed energy dissi-
pation concept. Gray et al. (1996), within a hybrid plasma
simulation code, study the energy transfer in a homogeneous
plasma background from the original unstable PUI ring dis-
tribution to the SWP thermal energy degree perpendicular to
the magnetic ﬁeld and ﬁnd that for vanishing pitch-angle dif-
fusion – at most favourable conditions like “low Beta” plas-
mas – about 20% of the initial PUI ring energy can be handed
over to SWPs.
In all concepts mentioned so far, however, a quantitative
number for the average fraction of initial PUI energy trans-
ferred under general conditions to the SWPs, while moving
towards the heliospheric termination shock, including pitch-
angle diffusion and general forms of nonlinear wave-particle
couplings, could not be given. We may perhaps have a guide
from the observational result presented by Whang (1998) or
Whang et al. (1999), showing that the distant SWPs behave
polytropic with a best-ﬁtting polytropic index of γ ∗ = 1.28.
Since γ ∗ turns out to be substantially smaller than the adia-
batic index γ = 5/3 ' 1.667, it is evident that some con-
tinuous, i.e. non-CIR-correlated heating of the SWPs takes
place, which here we are going to ascribe to the compli-
cated action of PUIs. This SWP heating, since it is global
in its nature and independent of latitude, must most certainly
be due to wave energy continuously coupled from the PUIs
via feeding of wave turbulences to the SWPs, due to non-
linear or quasi-linear wave-particle couplings (e.g. see Fahr
and Ziemkiewicz, 1988 or Williams et al., 1995; Gray et al.,
1996). It thus represents an energy sink for the PUIs which
pump energy into wave turbulences, but at the same time also
represents an energy source for SWPs, which absorbs part of
these turbulences.
The energization of the SWPs may most likely be as-
cribed to a process similar to the Fermi-2 acceleration pro-
cess considered for more energetic ions such as PUIs or
ACRs (Anomalous Cosmic Rays), i.e. diffusion in energy
space due to scatterings between counterpropagating hydro-
magnetic waves. Of course, it must also be taken into ac-
count that PUIs as well undergo this type of Fermi-2 acceler-
ation process. This, for instance, is clearly manifest as an ev-
ident and ubiquitous heliospheric phenomenon both in view
of theory and observations (see, e.g. Fisk et al., 2000). But
it should be kept in mind that these PUIs at driving wave
turbulences also experience genuine energy losses which a
complete PUI thermodynamics has to include. These PUI
energy losses are primarily due to the generation of wave
power, which under stationary conditions may be absorbed
by protons. In addition, some loss of PUI energy in a more
hydrodynamic view is also connected with work done by the
PUIsthroughtheirpressureatdrivingtheeffectivesolarwind
to keep it at an effective bulk velocity Vw jointly shared by
PUIs and SWPs (see e.g. Chalov and Fahr, 1997 or Fahr and
Rucinski, 1999).
HerewebeginourconsiderationofthePUI-SWPtwoﬂuid
thermodynamics from the kinetic result obtained by Chalov
and Fahr (1965), yielding a function fpui which leads to the
PUI pressure in the form of its third moment by the expres-
sion (see Eq. 7):
Ppui(r) = α(r)ρpui(r)V 2
w(r). (9)
As we have already stated before, this expression in the outer
heliosphere (i.e. beyond 10 AU) can be well approximated
by setting α(r) ' αc = 0.44. Realizing, in addition, that
the solar wind velocity Vw between 10 AU and 90 AU only
drops by less than 10% (see e.g. Richardson et al., 1995 and
Fig. 1) may then allow one to approximate Ppui by:
Ppui(r) ' αcρpui(r)V 2
w0, (10)
where Vw0 denotes the solar wind velocity at 10 AU. This
relation indicates that PUI essentially behave in a isothermal
manner at their motion to larger distances since they fulﬁll a
polytropic relation of the form: Ppui/ρ
γi
pui ' Cpui = αcV 2
wo
with the polytropic index given by γi = 1. The isothermal
PUI temperature thus follows from Eq. (10) that:
∂Ppui
∂ρpui
=
Ppui
ρpui
= αcV 2
w0 = KTpui/mp. (11)
This result is also supported in a perfect way by the anal-
ogous calculations carried out by Fichtner et al. (1996),
who ﬁnd that the PUI distribution beyond 10 AU takes
an asymptotically constant proﬁle yielding the fact that:
rfpui(r,v) =const. From this fact one also concludes di-
rectly that the ratio of the two moments, Ppui and ρpui,
presents a constant, just as expressed in Eq. (11).
In hydrodynamical terms, this obviously means that PUIs,
when expanding with the solar wind, experience just enough
heating to keep their temperature Tpui constant at the expan-
sion of the solar wind to larger distances. This phenomenon
must thus be reﬂected in a ﬁne-tuned strength of the energy
input terms on the RHS of the equation of conservation of
the PUI enthalpy ﬂow given by:
div

γ
γ − 1
Cpuiρpui
− → V w

− (− → V w ◦ ∇)(Cpuiρpui) =
βex(
1
2
mpV 2
w) + Qpui , (12)H. J. Fahr and D. Rucinski: Heliospheric pick-up ions 381
where βex is again the PUI injection rate, Ei = 1
2mpV 2
w is
the initial PUI injection energy seen in the solar wind rest
frame, and Qpui denotes the net energy input into the PUI
ﬂuid due to nonlinear wave-particle interactions, including
losses due to wave-driving and gains due to Fermi-2 acceler-
ations. We now want to ﬁnd the form of the term Qpui which
can satisfy the above differential Eq. (12). Keeping in mind
that the mass ﬂow conservation of PUIs requires that βex is
representable by:
mpβex = div(ρpui
− → Vw), (13)
we then obtain:
div
 
(
γ
γ − 1
−
V 2
w
2Cpui
)ρpui
− → V w
!
− (− → V w ◦ ∇)ρpui =
Qpui/Cpui (14)
and ﬁnd the following result:
Qpui = (
γ
γ − 1
−
V 2
w
2Cpui
)div(Ppui
− → V w)
−(− → V w ◦ ∇)Ppui. (15)
With the above expression (15) we have now found the exact
form of that net energy input Qpui which just leads to an
isothermal behaviour of PUIs.
Before we study the thermodynamics of the solar wind
protons separately, we take a look into the required thermo-
dynamics of the joint PUI-SWP two-ﬂuid system which ex-
presses itself in the following form:
div

γ
γ − 1
(Ppui + Pw)− → V w

− (− → V w ◦ ∇)(Ppui + Pw) =
βex(
1
2
mpV 2
w − KTw) + Qpui + Qw, (16)
whereK istheBoltzmannconstantandTw isthetemperature
of SWPs.
ThefactthatthisPUI-SWPtwo-ﬂuidsystemislackingany
external energy sources besides the evident energy sinks and
sources connected with the removal of thermal SWP-energy,
i.e. KTw, and the gain of the PUI injection energy, and Ei,
per creation of a PUI, then leads to the obvious conclusion
that the energy inputs, Qw and Qpui, to the SWP and the
PUI ﬂuids connected with nonlinear wave-particle interac-
tions have to cancel each other (i.e. no net energy gain or loss
of the wave ﬁelds!). This then evidently requires that:
Qw = −Qpui. (17)
Based on this result and on the expression we have derived
for Qpui in Eq. (15), we then obtain the single-ﬂuid thermo-
dynamics of SWPs given by the following equation:
div

γ
γ − 1
Pw
− → V w

− (− → V w ◦ ∇)Pw = −βex(KTw)
−(
γ
γ − 1
−
V 2
w
2Cpui
)div(Ppui
− → Vw) + (− → Vw · ∇)Ppui. (18)
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Fig. 3. Plotted is the logarithm of the solar wind thermal pressure
Pw versus the logarithm of the SWP density nw at 3 = 1 · 10−3
and Tw,0 = 5·104K for different values of 1α = α1−α2; i.e. for:
1:1α = 50, 2:1α = 30, 3:1α = 10.
We now want to obtain from the above equation a solution
for the solar wind pressure Pw as a function of the distance r
and for that purpose, we arrange Eq. (18) into the following,
more appropriate form:
div

γ
γ − 1
Pw
− → V w

− (− → V w ◦ ∇)Pw = −KTwdiv

nw
− → Vw

+ (
γ
γ − 1
mpCpui −
mpv2
w
2
)div(nswp
− → V w) (19)
+mpCpui(− → V w ◦ ∇)npui.
We shall now evaluate this equation for a spherically sym-
metric solar wind ﬂow, assuming that 2vw
r  dvw
dr can be
used as a satisfactory approximation, and obtain:
γ
γ − 1

dPw
dr
+
2Pw
r

−
dPw
dr
=
"
−kTw +
γ
γ − 1
mpCpui −
mpV 2
w
2
#
dnw
dr
+
2nw
r

(20)
−mpCpui

dnw
dr
+
2
r
(nw + npui)

.
This equation can be simpliﬁed into the following form:
1
γ − 1
dPw
dr
+
2γ
γ − 1
Pw
r
=
"
−KTw +
1
γ − 1
mpCpui −
mpV 2
w
2
#
(
dnw
dr
+
2nw
r
) (21)
−mpCpui

2
r
npui)

.
Keeping in mind that KTw  mpCpui = KTpui, and
that the PUI density is related to the total proton density by382 H. J. Fahr and D. Rucinski: Heliospheric pick-up ions
npui = n − nw, with the total solar proton density n simply
given by: n = n0(r/r0)−2, then yields the following equa-
tion:
dPw
dr
+ 2γ
Pw
r
= −
"
KTpui − (γ − 1)
mpV 2
w
2
#
βex
Vw
−KTpui(γ − 1)

2
r
(n − nw)

, (22)
which ﬁnally, together with the PUI injection rate
βex = nwnHσexVw yields:
dPw
dr
+ 2γ
Pw
r
=
h2
r
(γ − 1)KTpui − (KTpui
+(γ − 1)
mpV 2
w
2
)nHσex

nw
−KTpui(γ − 1)
2n0
r0
(
r0
r
)3. (23)
This differential equation formally is of the following
form:
dPw
dr
+ g1(r)Pw = g2(r) (24)
and thus has the solution:
Pw = exp(−2γ
Z r
r0
dr
r
)
(
Pw,0 +
Z r
r0
exp(+2γ
Z r0
r0
dr
r
)g2(r´)dr´
)
. (25)
As we are going to show in the Appendix of this paper, this
expression (25) can be simpliﬁed and ﬁnally, can be evalu-
ated to yield:
Pw = x−2γ ·

Pw,0 + 3(KTpui − (γ − 1)
mpV 2
w
2
)
n0
1
2γ − 1
(x2γ−1 − 1)

. (26)
First we now intend to investigate the polytropic behaviour
of the PUI-heated solar wind and for that purpose, we study
the expression derivable for the local polytropic SWP index
γw:
γw =
ρw
Pw
dPw
dρw
. (27)
To evaluate expression (27) we ﬁrst take the derivative of
Pw with respect to r given in the form:
dPw
dr
=
1
r0

−
2γPw
x
+ Pw,03(α1 − α2)x−2

, (28)
where α1 and α2 are deﬁned by:
α1 =
n0KTpui
Pw,0
= (Tpui/T0)
and
α2 = (γ − 1)
n0mpV 2
w
2Pw,0
. (29)
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Fig. 4. Plotted is the logarithm of the solar wind pressure Pw versus
the logarithm of the SWP density nw at 1α = 50 and Tw,0 =
5 · 104K for different values of 3, i.e. for: 1:3 = 1 · 10−3, 2:
3 = 2 · 10−3, 3:3 = 3 · 10−3.
With Eq. (28) and the evident relation:
dρw
dr
= −2
ρw
r
, (30)
we then obtain from relation (27):
γw(x) =
ρw
Pw
dPw
dρw
= γ −
Pw,0
Pw
3
4
(α1 − α2)x−1. (31)
In the following we shall demonstrate results of the ther-
modynamic behaviour of PUI-heated SWPs by plotting in
Fig. 3 the quantities Log(Pw) versus Log(ρw) with 1α =
α1 − α2, Pw,0, and 3, respectively, as open parameters. In
this ﬁgure, the parameter 1α is varied with the following
values selected: 1α1 = 50 ; 1α2 = 30; 1α3 = 10. As is
evident in this ﬁgure, the SWP pressure drops the least with
SWP density, or solar distance x, the higher the value is for
1α, i.e. the more efﬁcient is the PUI-induced heating of the
SWPs.
The SWP pressure at larger solar distances reacts even
more sensitively to a variation in the quantity 3 = nHσexr0.
Ascribing to this variation in 3 (31 = 1 · 10−3, 32 =
2 · 10−3, 33 = 3 · 10−3) a corresponding variation in the
H-atom density nH0 outside of the solar system, i.e. the in-
terstellar H-atom density, Fig. 4 then reveals that at higher
values of nH0, the non-adiabatic behaviour of Pw already
starts further inwards at smaller solar distances of x.
Furthermore, in Fig. 5, we show the polytropic index
γw(x) given in Eq. (31) as a function of x for different val-
ues of 3. As one can already see from Eqs. (26) and (31),
the function γw(x) reduces from its initial value of γs '
γ = 5/3 to an asymptotic value of γw(x → ∞) = γw,∞,
which neither depends on 1α nor 3. The range of solar dis-
tances where γw turns out to be between, say, 1.4 and 1.2,
i.e. clearly below the adiabatic value, is, however, fairly sen-
sitive to both 3 and 1α. With parameter values 3 = 3·10−3H. J. Fahr and D. Rucinski: Heliospheric pick-up ions 383
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Fig. 5. Plotted is the polytropic index γw versus the logarithm of the
solar distancer at1α = 50 andTw,0 = 5·104K for different values
of 3, i.e. for: 1:3 = 1 · 10−3, 2: 3 = 2 · 10−3, 3:3 = 3 · 10−3.
and 1α = 50, one would obtain polytropic indices below
1.3 all the way from 5 AU outwards, as was observed by
VOYAGER-2 (see Whang, 1999).
3 Pick-up ion energy transfer to solar wind protons
In the preceding section, we have used the hypothesis that
waves drivenbyPUIs energize solarwindprotonsmostprob-
ably by Fermi-2 acceleration processes and thereby, eventu-
ally transfer a speciﬁc fraction of their initial pick-up energy
per PUI, i.e. of Ei = 1
2mpV 2
w, to the solar wind background,
i.e. to the SWPs. We shall study which fraction of this ini-
tial PUI energy is eventually transfered to the SWPs when
they ﬁnally leave the inner heliosphere passing over the he-
liospheric termination shock. The net PUI-induced wave en-
ergy input to SWPs per unit volume and time according to
Eq. (15) is given by:
Qw = −Qpui = −(
γ
γ − 1
−
V 2
w
2Cpui
)div(Ppui
− → V w)
+(− → V w ◦ ∇)Ppui. (32)
We may evaluate this expression here assuming, as already
done before, that KTpui = mpCpui and the solar wind ve-
locityVw areconstants. Then, theaboveexpressionevaluates
to:
Qw = −(
γ
γ − 1
KTpui −
mpV 2
w
2
)div(npui
− → Vw)
−KTpui(− → Vw ◦ ∇)npui. (33)
Keeping in mind that:
div(npui
− → Vw) = nHnwσexVw, (34)
and that:
npui = n − nw, (35)
with the relation (see Eq.A7):
nw = n0x−2
h
1 − exp
 
− 3(x − 1)
i
, (36)
then allows one to transform Eq. (33) into:
Qw = −
 γ
γ − 1
KTpui −
mpV 2
w
2

·
3
n0Vw
r0
h
x−2 
1 − 3(x − 1)
i
+KTpui
Vwn0
r0
3(x−2 + 2x−3), (37)
which in view of the fact that within our integration limits of
x ≤ 100 the quantity 3x  1 can be further simpliﬁed to:
Qw = −3
n0Vw
r0
·
(
(
2γ − 1
γ − 1
KTpui −
mpV 2
w
2
)x−2 + 2KTpuix−3
)
.
(38)
WiththisexpressionforthePUI-inducedenergyinput, one
is then led to an energy input per unit time into a sector of
the inner heliosphere distending with a space angle d from
r = r0 (i.e. inner boundary where no PUIs are present) to
r = rs = 100r0 (i.e. heliospheric shock location) given by:
Yw = d
Z rs
r0
r2Qw dr, (39)
which, with the use of Eq. (38), takes the following form:
Yw = −r3
0d
Z x
1
x23
n0Vw
r0
·
(
(
2γ − 1
γ − 1
KTpui −
mpV 2
w
2
)x−2 + 2KTpuix−3
)
dx, (40)
and thus can be simpliﬁed to:
Yw = −3r2
0n0Vwd·
Z x
1
(
(
2γ − 1
γ − 1
KTpui −
mpV 2
w
2
) + 2KTpuix−1
)
dx. (41)
This ﬁnally can be evaluated to yield:
Qw = −3r2
0n0vwd·
(
(
2γ − 1
γ − 1
KTpui −
mpV 2
w
2
)(x − 1) + 2KTpui ln(x)
)
. (42)
For the outer boundary xs ' 100 of the integration (i.e.
the location of the termination shock), this expression ﬁnally
simpliﬁes to:
Yw = −3r2
0n0Vwd·
"
(
2γ − 1
γ − 1
KTpui −
mpV 2
w
2
)xs + 9.2KTpui
#
, (43)384 H. J. Fahr and D. Rucinski: Heliospheric pick-up ions
where the last term in view of xs  9.2 can also be neglected
for the estimate aimed at here.
Now we want to compare this expression for Yw with the
total energy input Yex into the same inner heliospheric so-
lar wind sector per unit of time, due to the total loading of
the solar wind with freshly implanted PUIs of energy Ei
= (1/2)mpV 2
w at a local implantation rate βex within the
same space sector as considered above. For Yex one thus
obtains the following expression:
Yex = d
Z rs
r0
r2βex(r)

1
2
mpV 2
w

dr , (44)
Keeping in mind that the local PUI production rate can be
expressed by βex = div(ξn− → V w), then allows one to arrive
at:
Yex = 3n0r2
0Vw[
mp
2
V 2
w]d(xs − 1). (45)
The ratio 2 of the above energy inputs Yw and Yex taken
from Eqs. (43) and (45) is thus given by:
2 =
Yw
Yex
=
−3r2
0n0Vwd(
2γ−1
γ−1 KTpui −
mpV 2
w
2 )xs
3n0r2
0Vwd[
mp
2 V 2
w]xs
(46)
= 1 −
2γ−1
γ−1 KTpui
mp
2 V 2
w
= 1 −
2γ−1
γ−1
1
2M2
pui
,
where Mpui is the PUI Mach number deﬁned by:
M2
pui =
ρpuiV 2
w
Ppui
. (47)
The above expression when evaluated for γ = 5/3 then
tells us that the above result can only describe reasonably
well the PUI-SWP two-ﬂuid thermodynamics, if the PUI
Mach number fulﬁlls the following relation:
Mpui ≥
2 √
7 = 2.65. (48)
As one can see in the result presented for 2 in Eq. (46), the
effectivity of the energy transfer from PUIs to SWPs shows
that the value of 3, i.e. of nH, does not play any role in this
context. What counts, however, are the values of α1 and of
α2, as one can see when rewriting Eq. (46) in the following
form:
2 = 1 −
2γ−1
γ−1 KTpui
mp
2 V 2
w
=
α2 − (2γ − 1)α1
α2
. (49)
As one can conclude from the above relation, it is neces-
sary for an energy transfer from PUIs to SWPs that α2 ≥
(7/3)α1. For instance, for values like α2 = (8/3)α1; =
(9/3)α1; = (10/3)α1, one could expect to have energy trans-
fer ratios of 2 = 0.125; = 0.222;= 0.3.
4 Concluding remarks
In concluding our views on PUI-mediated winds, we can
state that, whenever the solar wind system moves through
a fractionally ionized interstellar medium, PUIs are automat-
ically produced by ionization of neutral interstellar H-atoms
that penetrate into the supersonic region of the heliosphere.
These PUIs upon momentum-sharing with the solar wind at
the PUI loading process, decelerate the wind. In addition, the
original solar wind is substantially modulated in its dynamics
and thermodynamics when PUIs, as a separate suprathermal
ion population, are mixed up with SWPs and at the same time
are tied to a joint bulk velocity Vw. According to the calcu-
lations presented in the preceding sections of this paper, the
solar wind is decelerated by 10 to 20%, depending on the
density of the interstellar H-atoms.
The solar wind protons, in addition, are polytropi-
cally heated by nonlinear wave-particle interactions induced
by PUI-driven hydromagnetic waves, leading to a quasi-
polytropic SWP behaviour with distance-dependent poly-
tropic SWP indices γw(x) ≤ (5/3). A polytropic solar wind
behaviour with indices γw ' 1.28 in regions between 10 and
40AU, as obtained in our calculations, is, in fact, conﬁrmed
by solar wind proton temperature measurements carried out
with VOYAGER-2 (see Whang, 1999). By means of this
nonlinear PUI-wave-SWP energy coupling, about 10 to 20%
of the intitial PUI injection energy Ei is transfered to solar
wind protons. The effective Mach numbers of the solar wind
ﬂowaresubstantiallyreducedtovaluesofabout2to3, which
are mainly associated with the solar wind PUI Mach number
Mpui given in Eq. (37) and are limited to Mpui ≥ 2.65. The
two-ﬂuid plasma mixture composed of SWPs and PUIs in
many respects behaves like a mixture of a heavy and a light
gas, exceptthatthemomenttransfertermsarenotofthesame
type as the classical ones valid under collision-dominated
conditions (see e.g. Braginski, 1965; Burgers, 1969), but are
by their nature wave-particle coupling terms.
Appendix
The expression (25) ﬁrst can be simpliﬁed to:
Pw =

r
r0
−2γ
(Pw,0 +
Z r
r0

r
r0
2γ
g2(r´)dr´). (A1)
Representing the function g2(r) in the form:
g2(r) = g21(r) + g22(r) + g23(r), (A2)
then leads to the following form of a solution for Pw:
Pw =

r
r0
−2γ
(Pw,0 + I21 + I22 + I23) , (A3)
where the integrals I21,I22,I23 are given by:
I21 = 2n0(KTpui)(γ − 1)·
Z x
1
(x´)2γ−3 exp(−3(x´− 1))dx´, (A4)H. J. Fahr and D. Rucinski: Heliospheric pick-up ions 385
I22 = 3(KTpui − (γ − 1)
mpv2
w
2
)n0·
Z x
1
x2γ−2 exp(−3(x´− 1))dx´, (A5)
I23 = −KTpui(γ − 1)2n0
Z x
1
(x´)2γ−3dx´. (A6)
To derive the above integrals in these forms, we assume
the SWP density nw, as given by (see Fahr and Rucinski,
1999):
nw = n0x−2 exp(−3(x − 1)). (A7)
Furthermore, it is assumed that the H-atom density in the
outer heliosphere is essentially constant, i.e. nH ' nH0,
and the following abbreviations were used: x = r/ro and:
3 = nH0σexro.
Keeping in mind that 3 = nH0σexr0 is of the order of
10−3, may permit us to set the above integrals: exp(−3(x −
1)) ' 1. In this physically reasonable approximation, one
then obtains the following solution for Pw:
Pw = x−2γ· (
Pw,0 + 3(KTpui −
mpV 2
w
2
)n0
γ − 1
2γ − 1
(x2γ−1 − 1)
)
.(A8)
Acknowledgements. This work was performed as a part of the DFG
- PAS cooperation project 436 POL 113/80. While this work was
ﬁnished my co-author, D. Rucinski, has passed away. I appreciated
his cooperation always very much and will never forget him as one
of my best friends and colleagues.
References
Braginskii, S. I.: Transport processes in a plasma, Rev. Plasma
Phys., 1, 205–311, 1965.
Bogdan, T. J., Lee, M. A., and Schneider, P.: Coupled quasi-linear
wave damping and stochastic acceleration of pick-up ions in the
solar wind, J. Geophys. Res. 96, 161–178, 1991.
Burgers, J. M.: Flow equations of composite gases, Academic
Press, New York, 1969.
Chalov, S. V. and Fahr, H. J.: Entropy generation at the multiﬂuid
solar wind termination shock producing anomalous cosmic ray
particles, Planet. Space Sci. 43, 1035–1043, 1995.
Chalov, S. V. and Fahr, H. J.: A three-ﬂuid model of the solar wind
termination shock including a continuous production of anoma-
lous cosmic rays, Astron. Astrophys., 311, 317–328, 1996.
Chalov, S. V. and Fahr, H. J.: The three-ﬂuid structure of the parti-
cle modulated solar wind termination shock, Astron. Astrophys.,
326, 860–869, 1997.
Chalov, S. V., Fahr, H. J., and Izmodenov, V.: Spectra of energized
pick-up ions upstream of the heliospheric termination shock I.
The role of Alfv´ enic turbulences, Astron. Astrophys., 304, 609,
1995.
Chalov, S.V., Fahr, H. J., and Izmodenov, V.: Spectra of energized
pick-up ions upstream of the two-dimensional heliospheric ter-
mination shock. II. Acceleration by Alfv´ enic and by large-scale
solar wind turbulences, Astron. Astrophys., 320, 659–671, 1997.
Coleman, P.: Turbulence, Viscosity, and Dissipation in the Solar
Wind, Astrophys. J., 153, 371–388, 1968.
Fahr, H. J.: The Interplanetary Hydrogen Cone and its Solar Cycle
Variations, Astron. Astrophys., 14, 263, 1971.
Fahr, H. J.: Non-Thermal Solar Wind Heating by Supra-Thermal
Ions, Solar Physics, 30, 193, 1973.
Fahr, H. J. and Ripken, H. W.: The physics of the heliospheric in-
terface and its implications for LISM diagnostics, Astron. Astro-
phys., 139, 551–554, 1984.
Fahr, H. J., and Ziemkiewicz, J.: he behavior of distant helio-
spheric pick-up ions and associated solar wind heating, As-
tron.Astrophys., 202–305, 295, 1988.
Fahr, H. J. and Fichtner, H.: The inﬂuence of pick-up ion-induced
wave pressures on the dynamics of the mass-loaded solar wind,
Solar Physics, 158, 353–363, 1995.
Fahr, H. J. and Rucinski, D.: Neutral interstellar gas atoms reduc-
ing the solar wind Mach number and fractionally neutralizing the
solar wind, Astron. Astrophys., 350, 1071–1078, 1999.
Fahr, H. J. and Lay, G.: Remote diagnostic of the heliospheric ter-
minationshockusingneutralizedpostshockpick-upionsasmes-
sengers, Astron. Astrophys., 356, 327–334, 2000.
Fahr, H. J. and Rucinski, D.: Modiﬁcation of Properties and Dy-
namics of Distant Solar Wind Due to ts Interaction with Neutral
Interstellar Gas, Space Sci. Rev., 97, 407–412, 2001.
Fichtner, H., le Roux, J. A., Mall, U., and Rucinski, D.: On the
transport of pick-up ions in the heliosphere, Astron. Astrophys.,
314, 650–662, 1996.
Fisk, L. A., Gloeckler, G., Zurbuchen, T. H., and Schwadron, N. A.:
Ubiquitous statistical acceleration in the solar wind, in: ACE
Symposium 2000, (Ed) Mewaldt, R. A., American Institue of
Physics, 229–233, 2000.
Gray, P. C., Smith, C. W., Matthaeus, W. H., and Otani, N. F.: Heat-
ing the solar wind by pickup ion driven Alfv´ en ion cyclotron
instability, Geophys. Res. Lett., 23, 113–116, 1996.
Gary, S. P., and Feldman, W. C.: A second-order theory for kkBo
electromagnetic instabilities, Phys. Fluids, 21, 72–80, 1978.
Hartle, R. E. and Wu, C. S.: Effects of electrostatic instabilities on
planetary andinterstellarions inthe solar wind, J. Geophys. Res.,
78, 5802, 1973.
Holzer, T. E. and Leer, E.: Conductive solar wind models in rapidly
diverging ﬂow geometries, J. Geophys. Res. 85, 4665–4679,
1980.
Isenberg,P. A.: Interactionof the solarwindwithinterstellarneutral
hydrogen: Three ﬂuid model, J. Geophys. Res., 91, 9965–9972,
1986.
Kennel, . C. F. and Engelmann, F.: Velocity space diffusion from
weak plasma turbulence in a magnetic ﬁeld, Phys. Fluids, 9,
2377, 1966
Lee, M. A.: Effects of cosmic rays and interstellar gas on the dy-
namics of a wind, in: Stellar Winds, (Eds) Jokopii, J. R., Sonett,
C. P., and Giampapa, M., Tucson, Arizona, University of Ari-
zona, 857–886, 1997.
Lee,M.A.andIp,W.H.: Hydrodynamicwaveexcitationbyionised
interstellar hydrogen and helium in the solar wind, J. Geophys.
Res., 92, 11041–11052, 1987.
Le Roux, J. A. and Fichtner, H.: A self-consistent determination
of the heliospheric termination shock structure in the presence
of pick-up, anomalous, and galactic cosmic ray protons, J. Geo-
phys. Res., 102, 17365–17380, 1997.
Mattheaus, W., Oughton, S., Pontius, D., and Zhou, Y.: Evolution of
energy-containig turbulent eddies in the solart wind, J. Geophys.
Res., 99, 19267–19287, 1994386 H. J. Fahr and D. Rucinski: Heliospheric pick-up ions
Parker, E. N.: Dynamical properties of stellar coronas and stellar
winds. II. Integration of the heat ﬂow eqaution, Astrophys. J.,
139, 93, 1964
Richardson, J. D., Paularena, K. I., Lazarus, A. J., and
Belcher, J. W.: Radial evolution of the solar wind from IMP 8
to Voyager 2, Geophys. Res. Lett., 22, 325, 1995.
Ripken, H. W. and Fahr, H. J.: Modiﬁcation of the local interstellar
gas properties in the heliospheric interface, Astron. Astrophys.,
122, 181–192, 1983.
Thomas, G. E.: The interstellar wind and its inﬂuence on the inter-
planetary environment, Ann. Rev. Earth. Planet. Sci. 6, 173–204,
1978.
Wang, C. J., Richardson, D., and Gosling, J. T.: Slowdown of the
Solar Wind in the Outer Heliosphere and the Interstellar Neutral
Hydrogen Density, Geophys. Res. Lett., 27, 2429–2432, 2000.
Whang, Y. C.: Solar Wind in the Distant Heliosphere, J. Geophys.
Res., 103, 17419–17428, 1998.
Whang, Y. C., Lu, J. Y., and Burlaga, L. F.: The termination shock
1979–1996, J. Geophys. Res., 104, 28255, 1999.
Williams, L. L., Zank G. P., and Matthaeus, W. H.: Dissipation of
pickup-induced waves: A solar wind temperature increase in the
outer heliosphere, J. Geophys. Res., 100, 17059–17098, 1995.
Winske, D. and Leroy, M. M.: Diffuse ions produced by electro-
magnetic ion beam instabilities, J. Geophys. Res., 89, 2673–
2688, 1984.
Wu, C. S. and Davidson, R. C.: Electromagnetic instabilities pro-
duced by neutral-particle ionization in interplanetary space, J.
Geophys. Res., 77, 5399, 1972.
Wu, F. M. and Judge, D. L.: Temperature and ﬂow velocity of the
interplanetary gases along solar radii, Astrophys. J., 231, 594–
605, 1979.
Zank,G.P., Webb,G.M., andDonohue,D.J.: Particleinjectionand
the structure of energetic particle-modiﬁed shocks, Astrophys. J.,
406, 67–91, 1993.